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A HIGH=POWER RF LINEAR ACCELERATOR FOR FELS*

R. L. She!Teld and J. M. Watson
Los Alamos National Laboratory

Los Alatno~, NM 87S45

Abatrnct

In this paper we deecribe the design of a hi h
!average current rf linear accelerator suitable or

driving short. wavelen h free-electron lasers (FEL).
rWe conclude that the esign of a room-temperature rf

Iincar accelerator that can meet the strin ent
rrequirements of a high. power short-wavelength EL

appeare osaible. The accelerator requires the uze of an
advance ~ photoelectric injector that is under
development; the accelerator components, however, do
not require appreciable development, At theea large
beam currents, low-frequency, Iar -bare room-

f#’tcmperatura cavitiee can be highly e iclent and mve
the specified performance with minimal risk.

Introduction

The desi~ of a high average current rf linear
accelerator mutable for drivin short-wavelength free-

Lelectron Iaaere (FEL) is deecri d, Some of the overall
paremetere are Hstad in Table 1. The high average
current is neceae~ for convemion of the required
average power to hght by tho FEL. A high ak

‘!
Cllmnt ia needed to achiev~ hi h gain and a ar e
convemion efllciency. The hig

[ tiai+%i%;im~rtant in reducing tha o~tica
mmllator remnatar mirrors. HI her g..:ns a ow more
outcouplin , thereby reducing

%
Ill e circulating optical

power wit in the reammtor, Another critical
parametar in the besm quality (remittance), For good
energy .conversion efl.ciency at short wavelength, the
emittance growth of tha electron beam muet be
minimized through ail stages of acceleration nnd
transport,

Table 1 Accelerabr Pnrnmeters

lAvernge current 11,75A I

l=’== 12000 A 1

Nmnalizad emittrmce

Micropu13e repetition I62,5 MHz
rn~e I

The npproach for achimdn~ thcea stringmt
simultaneous requirements contama the following
elements:

● A Iuser.Hated phutcwthoriw immersed in a hi h.
igradient rf cuvity, ~ prwiuco high. qua ty

electron bunches, which are quickly accelerated
out of the spnce.charfle.domi nated enar
The bunches require k I’urther com rees onr&c~;

[rofonly 4 to nci~ieve the require+, pan currant.
● A maunetlc cnmprmion etafle at 10 MaV tn

nchieve electron bunching,

● Rocm.temperature acceleratma, operatad at
500 MHz, ta maintain beam quality, ta avoid
beam breakup, and @ utilize existing rf power
eourcew (Independent accelerating cavities are a
good match m the power zources, are easily cooled,
and provide redundancy in case of component
failure,)

● Eneruv recoverv of the residual electron.beam
powo~-ta subst&tially reduce the
electron beam dump requirements.

Photoalectn “cIniector

Introd uction

rf power and

Conventional injectira uze a pulsed thennionic
emitter of low peak brightness followed by a bunchin

tor phaze com reeeion, system that increases the pea
1’current by a ar~ factm, Idaally, the p~ak brightness

should increa~ m proportion ta the bunching factor: in
reality, however, the reeult always falls short of the
ideal, An additional shortcoming in tha conventional
type of buucher in that s repetition rate in excess of a
few tens of megehcrtz ie beyond the ataw of the art of
electronically switched thermionic triode electron
gunrn. Diode and triodaguns have been o rated in an

rrf cavity w produce electmm pulees of wi th eomewhat
lean than one. uarter of the rf pariod.’”~ The ultimata

Lupper limit to in technique for triode guns may be the

r
power dieaipation In tlw d,

The required pea ●ad avera o currents are
5clearly high and -re beyond tho capa ility of preeent

convmitlonal injechr technolo
F

With thie under.
standing, Loe Alemos hes un e~ken a pro am to

rdevelop a promiain~ new type of imjector ca led tha
Inner photoelectric lnJector, The naw dwelopment
combines roven modehcked Iaeere and semi.

\conductor p otoemitter electron sources. The point of
dep~rture of th~ Loa Alamoe innovation is the
combination of proven technologies in a single entity,
the rf.gun cavity,

PWWWUUWU

In recmt yoare, hotocathodee for polarized
electron eomcee hav~ [ een made horn wafwz of
Qtia,’,s Current doneitlu ae high as 180 Ncmz have
been reportad.s Photaamittere of cesium antimonido
(C@b) wilt elet.tmne in the subpicoseccnd to
picosecond time range bcauee of the chort absorption
depth of Ilght.’ B contraat, the intrinsic emission.

rtimo uncwtaint o OaAs has been mcatured in the
$range horn 8 to 1 pe for activo Iayere between 50 nm

and 2 ~m inthicknsee,
A Ca@b phobcathode was chosen for its eu~’ of

r
reparation within tho vacuum environment ot’ the
inac and for ita relativt tolerunce to vacuum

7
conditions in the i ,ctar Ilnac,’ A photoinjector Iinac
muet be bak~ablc n ita entirety to about 200”C and
muet be capable of maintaining a preesure below 10”~
turr, proforably 10.1~ torr. A damaged Ce Sb photo-

ltcathde can be eraeed by heating w 400”C, t en a new
one is mpared mmtu,

4 Qe octral me nmeaof Cs3Sb inciudee qunntum
r rener~cs o doubled L d;YAO (A = 532 nm) nnd tripled

(A = 385 nm)t A Nd:YAO later can readily be mude.
locked to deliv~r dO.pO pulee trains at a microscopic
repatltlon rate in a rang~ fmm 50 to 120 MHz.



[n 1985, the achievement of high peak currenca
from a Cs Sb homcathode was reported.s Laser-

kKdriven Csl b p otacathodes also have been used to
produce an intrinsically bright bearn:LOmore recendy,
these beam~ have been accelerated to relativistic
energies without lose of brightness.

The Los Alamos Photoi niector Proara~

A prmf-of-principle phomelectric gun is under
development at Los Alamos.ll The rf-~n cavity
comprises a small .diameter C@b photoemltter on the
end wal! of the cavity, frontally illuminated by an

Tl
o tlcal pulse train from a mode.locked ?Jd:YAG laser.

● laser beam is directed along the electron beam axis
of the Iinac. The hi h-intensity electric field in the rf

Pcavity rapidly acce crates the electron bunch train,
each bunch containing a high charge deneity. The
initial rf.gun experiments are bein carried out at a

Fhigh fre uency because a power UI klystron wae
\available or uee at 1300 MHz, A srhcmatic dia am of

the Los Alamos injectar experiment is shown in Kg. 1.

CN9nav
Smcmoulln

1

FiU. 1. The configuration of the first experimen~
includes a section for ~reparution of the photocnthodes,
on the left, the rf gun Itself, and diagnostics in the form
of an electron spectrometer nnd a pepper-pot plate,

E~

[t is evident from simulation studies’z of the
n celerntion of short bunchoa in an rf cavity that (a)
dense spnce charge and (b) the external rf field lead w a
de~rac!ation of beam quality and, therefore, to a Ioaa of
brlghtnem, Although pulses of only a few picosecond-
can be produced in a photocathode, it now seems
advisnble to genernte ulaes that are initiall about

! r1[)0 pSlongr,cndthentounch them ma~natical y1J14at
energies of ribove 1(I MeV. The accelerating of tha
longer bunches is best done in a Iow.frequency Iinac to
minimize emittsnce ~rowth caused by variations in the
rf field as the electron bunch exits the cavity.
Xevortheless, the emittmice Improvement from an
initial rapid acceleration drives the gradient higher, a
cnnrlltion thnt cnn only he met with high. fre uency rf

l-lfields.1~ A study of the envelope equation reveals
that fl]r continuous henms, the dominance of sp~fie

For %uncherl benms, LIW dampln~l de+f;~~;~ ~
~hnr e over emittarwe is adiabatically damped at .!

Y
enw y irt much ~tron~e-, namely + , y
requ rement r)fmnxim’, m accelerating mdient (hence

t’?n high frequent ) tr, ,nlnimize the in uenc’e of space
{chnrfi~ must be alnnred u rtlrmt a conllictlnd need to

rJ:mwpt long pulses (hence n ow frequent ) to reduce the
emittrcrwe Krowth msoclnted with rf’flel s.

The nccelarntion rntu in the rf.flun cavity Ie
limited hy the spnrkin~ brenkdown chnrncterlstlc of
the ccrvity, A typhml rfmvity thnt has he-n optimized

for maximum effective shunt impedance ZTJ wiil n.~ve
a ratio of pesk surface electric tield to average
acceleration gradient15 of about 4. A lower ratio, hence
a larger maximum accelerating field, is obtnined by
decreasing the curvature of the oeam-hole nose. Such a
cavity is leas efficient, but one gains a high
acceleration rate with ita use.

Jones and PeterL~ have shown that linear radial-
electric fields in an accelerating cavity lead ta 8 lower

femittance growth for beams o uniform space .charge
density. An rf-gun cavity deelgned for linear raditil-
electric fields automatically has a low ratio of peak
surface field to avera ● accelerating field. Therefore,

Yan rf-gun cavity with lnear electric fields in the beam
region was chosen for thisexperiment.

In the Los Alemo~ photoi ‘ector ex erimenc, the

Y
choeen 1300-k Hz cavity desi ~%ad an e~ective shunt
impedance ZT = 36 Millm. ith a peak surface field
of 60 W/m (twice the nominal Kilpatrick breakdown
field),ln the avera e accelerating gradient is 30 MeV. m,
a rntio of 2.0, ! he cavity ~wer diaaipation under
maximum surface-field conditions is 0,6 MW,

Afbr leaving the rf-gun cavity, the electron beam
paaxea through two iron-shielded adenoid lenses as
shown in Fi~, 1. Between the two soienoida is a wall-
current monltar [WCM) of the type used in the SLC
(Stanford Linear Collider) in~ectir.is The transverse
emittance of the rf gun beam IS mepaured by a pepper.
pot late that follows the eolanoi~a. The pep er.pot

d !me odzo uaea an array of bearr.!:te that smnp es the
whole beam to map the transvema ~haae space
boamlet focmed in the pepper. pot p ate (Fig, l)md~~
80 cm w a quartz screen, where it is obsenred by a
silicon-intensified vidicon. Fmm a corn ariaon of the
measured apnt sim on tho phoe her, wi

?“ J
the beamlet

obtained from fin int+ration o tne envel~pc aquat[on,
tha traneverae momentum of the beam is detenni ued.
The uae of the anvolopa ● uation, which is valid for a

1“ “continuous beam, ia imp Iclt in this method, The
betunlet Iength.to.diameter aapect ratio is about 100;
therefore, the approximation to a continuous beam is
valid.

‘rhe tempral profile of the b riches ia measured
t{with a straak camera using the er nkov radiation

from a pure quartz plate (Fig, 2). The erenkov light is
collected by a planoconvex, fl.O lens laced in contact
with a quartz viewport, rThe COI imated light Is
transported to the streak camera nnd focueed onto the
entrance slitwith an overall magnification of U1O, A
wsmpla of the la r.pulse Ilflht is mer ~d with the

relectron beam’s erenkov Ii ht by a 4
F % ‘nternp”yreflecting prism in the mirld e of the .~erenkov ll~ht
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the streuk camera,



beam, thereby eliminating the trigger jitter in the
[streak camera. The strea -camera swee

1’
speed was

calibrated using a variable path len~.h or the laser
light creawd by a movable retroreflector on an optical
bench.

A double-focuein
!

magnetic spectrometer i9

installed on the beern inc. The dispersion on the
deuctar lane is 0.8 CITU%, and the magnification is
unity, & lth the aid of two solenoid lenses, a 20%
momentum band can be analyzed. Alternatively, a
127.pm-die.m hole can be ecanned across a beam
diameter at the object position (the pep er- ot plate) to
do a differential momentum analysis. ?ortEispurpoee.
an intensified vidicon can view the detecmr plane
through one of twoviewporteavnilable.

Exnrimentel Resultq

Initial obeemation of the accelerated electron
beam fkom the rf

‘Yr
n was obbined with the WCM.

With a fast oacll oaco the largest pulse traina
repeatedly observed ha p;ak am Iitudea of 4.4 V with
40dB of attenuation in lace.

1! ‘he ‘easure;%%:char e, obtained from t e integrated pulse
!was 7 nC, giving an average current in the pu se train

of2.9 A. The measured temporal profile was Gausaian
(see below), givin a peak current of 390 A, The

Eprobabla error in t eee measurements was 20%, The
peak obeemed current density was >600 AJcm3

The minimum laser pulse width obeewed was 53
* 1 ps FWHM; on the same streak. camera sweep, the
electron bunch widths wcra the same ta within the
●xperimental error (Fig. 3), We conclude, therefore,
that for the preeent ex

r
rimental conditions, the pulse

bmedening introduce by the Cs@b photoemlesion is
lees than 1 ps,

Accelerator

Followin
f ‘he ‘f rhobinjecmr’ ‘he “actmnbunches are urther ncce erawd to 10 MeV ~ shffan

th~ baam in preparation for ma netic compression.
The electron bunches must L accelerated to
moderately relativistic energies tiefore com ression

I+becauee high. density pulees can be severely a ecwd by
the strong epace.charge forces present, Beforo
magnetic compression is used, the beam energy should
be at least 10 MeV, a figure determined from
PAR.MELA calculations, .Magnetic compression uses ●

system of bending magnets deaignad to have path.
length differences for partlclm of different mommta.
Panicles of lower moments enter first and follow ●

shorter path than the
{

ath taken by the higher
momenta articles that fo ow Mm, Thus, of neceaeity

gthe beam unch must hnve ● anergy that 1scorrelated
In time, The lower the energy -t which ma etlc

$’compraeelon is ueed, the smaller the energy sprea that
must be corrected m maot tho final energy .spwad
requirement, A magnetic compression located afbr
10.MeV Initial acceleration ~ves a bunching factor of
4 (60 POat 500 A to 15 pe at 2 kA) with nn acceptable

cner?llpr;&inder of tha accelerator consists of
inde endent room. mmperature cavltles with one
1 M& klyatro. parcuvi~. Th~#ti~t#cc#~#&n~~
1,75. A beam from 10 eV,
bure of 10.cm diametw the accelerate dllclenc Ie
npproxlmately 94%. iThe avera ● accelerating eld

&wilhln the cavities is 4,5 MV/m, tIIS is high anough (2
MV/m uver lhe len~th of the uccelerotur) to avoid
cumulative beam bruaku , yet low enough tu make the

1cuvity cnnling mnnugea le. Bmrn breakup tit this
nvernge current cnn be nvoided through the use of
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Fig, 3, Digitized streak-camera temporal profiles of the
laser and photinjectar beeme.

%
ate gered tuning ( * 1 MHz) of the di O1Omodee,’ The

rpea current of 2000 A per micropu se is mnintnincd
throu bout tho Iinac, There ehould be little emittunce

[’growt m the linac with the moderaw char e per pulse
!(28 nC). Every eighth bucket of the 50().N Hz Iinuc rf

field containa a micropulse,
Energy recover is incorporated b decelerntin~

?’ Jtha beam in a para lel Ilnac after ben Ing the bwn
180” and pamin it through the undulator, A ~eparuw

! {“Iinac Is require to allow o tlmization of the mntfnetic
uptics for the two very dl ●rent, beams und tu nvoid
regenerative beam breakup, Each decelerntin~ cuvity
ia coupled ta an accelerating cnvlt by n single cuvity
that absorbs very little power, h eccluratiun UI’ Lhu
residual beam reducsa the power required pur

—
“K, Chin, Prlvcw Communlcstlon,



accelerating cavity from 1.7 ta ~.ti MW, The :unuunt of
dece.lerntion is limited b the ener

d“ Y
sprend imposed cm

the beam by a high-e lclency FE . En~r~ recovery
not only saves rt’ power, but it also Weatly e~ses the
power requirements of the electron-beam dump.

Summary

The design of a room-temperature rf linear
accelerator that can meet the stringent re uirements
of a high-

R
wer short-wavelength FE 1 appears

possible. e accelerator requires the use of an
ad~anced phomelectric injector that is under
development; the accelerator components. however, do
not require appreciable development. At these large
beam currentz, Iow-fre uency, Iar e . bore room-
temperature cavities can e hi h!y ● lclent and

x “E f ${:the s ecified perfomnance w’t mimmal risk.
!overa 1efficiency ia improved by a factor of 2.2 by using

an energy-recovery technique that was recently
demonstrated at Los Alamos. FEL systems of

F
ater

ower probably will consist of modules that wil not be
~arger than thisdesign.
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